Comparison of the nucleotide sequences of cucumber mosaic virus (CMV) satellite RNAs, which induce necrosis on tomatoes, reveals a highly conserved region within their 3' halves. The sequence of WL1 satellite (WLl-sat) RNA, which attenuates CMV symptoms on tomatoes, differs from all necrogenic satellite RNAs at three nucleotide positions within this conserved region. These nucleotides were progressively mutated to determine what sequence is required for the induction ofnecrosis in tomatoes. Infectious transcripts from a cDNA clone of WLl-sat RNA, and its mutated derivatives, were assayed on tomato. Three of the four mutant satellite RNAs, in which two of the three nucleotides corresponded to those present in necrogenic satellite RNAs, and the rest of the molecule corresponded to WLl-sat RNA, attenuated CMV symptoms on tomatoes, and were phenotypically identical to the parental WLl-sat RNA.' One other mutant satellite RNA, in which all three mutated nucleotides corresponded to the sequence of necrogenic satellite RNAs and the rest of the molecule corresponded to WL1-sat RNA, induced a lethal necrosis on tomatoes. Necrosis was also observed when the same nmutant satellite RNA was associated with a second CMV strain as helper virus. These results indicate that a single nucleotide change at any of the three nucleotides examined distinguishes necrogenic from nonnecrogenic satellite RNAs. This necrosis was similar to that induced by a naturally necrogenic satellite RNA. The various mutations did not modify the effect of WL1-sat RNA on the symptoms induced by CMV on tobacco or squash. (3, 7, 8) , induce chlorosis (7-9), induce necrosis (10), or induce combinations of these effects (11). In this report, we examine the molecular basis for the ability of CMV satellite RNAs to induce lethal necrosis on tomatoes.
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RNA plant viruses consist ofone or more genomic RNAs that together encode the proteins required for the replication, encapsidation, and transmission of the virus. Many plant viruses may also be associated with an additional RNA that has' little or no sequence homology with any of the viral genomic RNAs. These additional RNAs (6) (7) (8) , while other satellite RNAs may have no effect on viral symptoms (8) . In combination with a given strain of CMV, different satellite RNAs can attenuate viral symptoms (3, 7, 8) , induce chlorosis (7) (8) (9) , induce necrosis (10), or induce combinations of these effects (11) . In this report, we examine the molecular basis for the ability of CMV satellite RNAs to induce lethal necrosis on tomatoes.
Earlier, Kurath and Palukaitis (11) conducted recombination experiments with an ameliorative satellite RNA, WL1-sat RNA (7, 8) , and a necrogenic satellite RNA, D-sat RNA (10) , to delimit the sequences involved in the induction of necrosis in tomatoes. Infectious satellite RNAs were transcribed in vitro from full-length cDNA clones of WL1-sat RNA and D-sat RNA that were recombined at their common Nhe I site, located 4185 nucleotides from their respective 5' termini. These experiments indicated that the necrogenic domain is located within the 3'-terminal 150 nucleotides of D-sat RNA and presumably also in other necrogenic satellite RNAs (11) . Results of others obtained by recombination of cDNA clones of the necrogenic Y-sat RNA and the ameliorative Ra-sat RNA reinforced this conclusion (12) .
Sequence comparisons also have provided information concerning the potential location of the necrogenic domain (13) . In the 3'-terminal 150 nucleotides, within which the necrosis domain is located, necrogenic satellite RNA sequences are essentially conserved, apart from two regions of heterogeneity between nucleotides 231 and 234t and 337 and 340. Ameliorative satellite RNAs do not show such conservation within the 3' half (13) . Indeed, between nucleotides 286 and 310, no ameliorative satellite RNAs have the same sequence as necrogenic satellite RNAs, while the latter are all completely conserved in this region.
The observation that particular sequences are completely conserved amongst necrogenic satellite RNAs and are different in all ameliorative satellite RNAs has led to the suggestion that this conservation may be an integral requirement for the induction of necrosis (13) . Thus, we have progressively mutated three nucleotides in a cDNA clone of WL1-sat RNA between nucleotides 293 and 304, such that they correspond to those in necrogenic satellite RNAs, and we assessed the effect of these mutations on the satellite RNA phenotype on tomatoes.
Abbreviation: CMV, cucumber mosaic virus. *To whom reprint requests should be addressed. tVarious numbering systems for satellite RNA sequences exist. We have adopted the system used for the description of the WL1-sat RNA (7) and its corresponding cDNA clone (14) . Thus, nucleotides 231-234 and 337-340 correspond to nucleotides 224-227 and 324-327, respectively, using the numbering system described in ref. 13 .
2946
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 87 (1990) 
2947

MATERIALS AND METHODS
Site-Directed Mutagenesis. The cDNA cloning of the WL1-sat RNA has been described elsewhere (14) . The HindlIlI EcoRI fragment of pWLsat47, containing the entire satellite cDNA insert, was transferred to M13mpl8. Escherichia coli CJ236 (15) was used to synthesize uridine-substituted M13 DNA and E. coli JM101 was a selective host for mutant M13 plaques. In vitro DNA synthesis was primed by synthetic oligonucleotides as described (15) . Mutant satellite cDNA inserts were detected by dideoxynucleotide chain-termination sequencing with T7 DNA polymerase (16) , then excised from M13mp18 with HindIIIlEcoRI, and recloned into pBS(+) (Stratagene). The complete sequences of the mutant satellite cDNA clones within pBS(+) were then confirmed prior to transcription. Specific oligonucleotides for sitedirected mutagenesis were prepared by the Cornell University Biotechnology Program Oligonucleotide Synthesis Facility.
Bioassays ofParental and Mutant Satellite RNA Transcripts. Transcripts of parental and mutant cDNA clones of satellite RNAs were synthesized from Sma I-linearized plasmid templates, dissolved in 50 mM sodium phosphate buffer (pH 7.5), and inoculated onto tobacco (Nicotiana tabacum cv. Xanthi nc) as described (17) using the LS strain of CMV as a helper. CMV and satellite RNA transcripts were inoculated simultaneously at 300 ,g/ml and 25 ,ug/ml, respectively. Tobacco, squash (Cucurbita pepo cv. Blackbeauty), and tomato (Lycopersicon esculentum cv. Rutgers) plants were dark-treated for 24 hr, then dusted with Carborundum immediately before inoculation using glass paddles. Tobacco plants were inoculated at the four-to six-leaf stage and squash and tomatoes were inoculated on their fully expanded cotyledons. Inocu-A lated plants were maintained in a walk-in growth chamber at 21'C with a 16-hr light cycle. Satellite RNA transcripts were passaged through tobacco before inoculation onto tomato due to the low specific infectivity of transcripts on the latter host (17) . Tomatoes were inoculated with virus extracted from infected tobacco at "200,g/ml in 50 mM sodium phosphate (pH 7). Each mutant was passaged through tobacco and tested on tomato in at least two independent experiments, and 10-72 tomato plants were used to assay each mutant.
In some experiments, the WL strain of CMV was used as helper virus. The sources of the LS and WL strains of CMV have been described elsewhere (8) .
Analysis of Infected Plants. The presence of satellite RNA was confirmed by dot-blot analysis of individual tobacco plants using satellite RNA-specific cDNA 2-3 weeks after inoculation (17) . Virus was then purified from infected tobacco plants, and viral RNA was obtained by extraction with phenol/chloroform (18) . Satellite RNAs were purified by elution from 6% polyacrylamide gels after staining with toluidine blue (18) . Dideoxynucleotide chain-termination sequencing of satellite RNAs was essentially as described (19) using an oligonucleotide primer complementary to the 3'-terminal eight nucleotides. Tomatoes were examined by dot-blot hybridization [10] [11] [12] [13] [14] RNAs is shown from nucleotides 290-309, in comparison with the same sequence from the mutant satellite RNAs and the parental WL1-sat RNA. The numbering system used here originally allowed comparison ofa number of satellite RNA sequences (7, 14) and thus includes deletions.
To maintain the consistency of this numbering system, deletions are indicated by A.
Genetics
RESULTS
Generation of Mutant Satellite RNAs. The greatest number of nucleotide sequence differences between ameliorative and necrogenic satellite RNAs are located between nucleotides 286 and 310, within which no ameliorative satellite RNAs contain the same sequence as their necrogenic counterparts and which is contained within a region essential for necrogenicity in tomato (Fig. 1A) . The ameliorative WL1-sat RNA contains only three nucleotide changes within this region relative to the sequence of all necrogenic satellite RNAs (13, 14) . These are (i) an A at position 293, (ii) a G at position 299, and (iii) a U at position 304 (Fig. 1B) . These nucleotides in WL1-sat RNA were mutated in various combinations to those sequences present in the necrogenic satellite RNAs, resulting in the mutant satellite RNAs WLM1 to WLM4 (Fig.  1B) Effects of Mutation on Biological Activity in Tomato. As was the case in tobacco and squash, the four mutations did not significantly alter the infectivity of satellite RNAs on tomato; nor were any differences observed in the levels of encapsidated satellite RNAs with respect to viral RNAs (results not shown). Dideoxynucleotide sequencing of gel-purified satellite RNAs also confirmed that the mutated sequences were stable (Fig. 2) .
Symptom development on tomato was examined for up to 6 weeks after inoculation. The (Fig. 3) . WL1-sat RNA attenuates these effects (8, 11) , resulting in infected plants that appear almost symptomless. Three of the four mutant satellite RNAs had the same effect on the symptoms induced by LS-CMV infection of tomato as did WL1-sat RNA-i.e., they also attenuated the symptoms (Fig. 3 ). These were WLM1-, WLM3-, and WLM4-sat RNAs described in Fig.lB . By contrast, WLM2-sat RNA induced a lethal necrosis on tomato (Fig. 3) .
Approximately 10 days after inoculation, tomatoes infected with LS-CMV and WLM2-sat RNA were clearly stunted by comparison with plants containing the ameliorative satellite RNAs. Leaves also showed strong purpling on their lower surfaces and a tendency to curl downward, although wilting was not evident at this stage. At of the stem, which was followed by complete systemic necrosis (Fig. 3) . The pattern of necrosis observed was similar to that induced by a naturally occurring necrogenic satellite RNA, D-sat RNA, in association with LS-CMV (data not shown) (10, 11) . Quantitative data on the effects of the different satellite RNAs are shown in Table 1 .
WLM2-sat RNA was separated from the LS-CMV RNA by gel purification and reinoculated onto tomatoes with WL-CMV. This also produced a necrosis (Table 1) , which appeared phenotypically similar to that observed with LS-CMV.
DISCUSSION
All CMV satellite RNAs sequenced to date show considerable sequence conservation within the 3' halves (13) , which contains the necrogenic domain (11, 12) . One striking difference, however, is a triple base deletion in all necrogenic satellite RNAs in relation to their nonnecrogenic counterparts (Fig. 1A) . Within D-sat RNA, this deletion is located between nucleotides 300 and 302 (using the numbering system described in refs. 7 and 14) . Nonnecrogenic satellite RNAs, in addition to differing from necrogenic satellite RNAs between nucleotides 286 and 310 (ref. 14; Fig. lA) , may have at least one nucleotide insertion in the equivalent position of this triple deletion (13) . The possibility therefore existed that the necrosis might be due entirely to the presence of a triple deletion relative to nonnecrogenic satellite RNAs. However, the R-sat RNA, like WL1-sat RNA, also has a triple deletion (Fig. lA) Fig. 1B) was not sufficient to cause a necrogenic phenotype. A single substitution at nucleotide 293 ofWL1-sat RNA was also required for necrosis (WLM2-sat RNA; Fig.  1B) . A single base change at any of the three positions examined here, or at the position of the nucleotide change in R-sat RNA, therefore distinguishes necrogenic from nonnecrogenic satellite RNAs.
The interactions between the virus, the host plant, and the conserved sequences within the satellite RNA that result in necrosis are unclear. One possibility is that necrosis may be directly related to the secondary structure of the satellite RNA (7, 22) 
